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1.  INTRODUCTION 


This  paper  proposes  and  experimentally  examines  the  feasibility  of  a 
new  kind  of  nonvolatile  digital  electronic  memory.  The  basis  of  the 
memory  is  an  anomalous  photovoltaic  phenomenon  found  in  ferroelectric 
ceramics — a  photovoltage  with  a  polarity  that  depends  on  the  direction 
of  the  remanent  polarization.  Opposite-polarity  photoelectromotive 
forces  (emf's)  are  associated  with  opposite  directions  of  remanent  po¬ 
larization,  and  the  magnitude  of  the  photo-emf  is  linearly  proportional 
to  the  magnitude  of  the  remanent  polarization.* 

Various  schemes  to  use  this  phenomenon  for  storage  and  retrieval  of 
information  have  been  described.  In  all  of  these  schemes,  information 
is  stored  within  an  element  or  a  substrate  as  direction  and  magnitude  of 
remanent  polarization  and  is  retrieved  by  sensing  the  polarity  or  the 
magnitude  of  an  emf  (a  photo-emf)  produced  by  the  illumination . 

The  proposed  digital  electronic  memories  combine  ferroelectric  and 
semiconductor  elements  electrically  in  addressable  matrix  cells.  Binary 
form  digital  data  are  stored  as  remanent  polarization  within  an  array  of 
illuminated  ferroelectric  elements.  The  elements  are  polarized  in  ei¬ 
ther  of  two  opposite  directions  with  voltage  pulses  by  using  transmis¬ 
sion  gates.  They  are  polarized  in  a  manner  analogous  to  that  in  which  a 
gating  transistor  transfers  charge  on  the  gate  of  a  sense  transistor  in 
dynamic  random  access  memory  (RAM).  The  element  is  illuminated  (illumi¬ 
nation  is  from  a  low- intensity  steady  source) ,  and  a  photo-emf  positive 
or  negative  (depending  on  the  direction  of  polarization  in  the  element) 
develops  across  the  element.  This  emf  is  in  series  with  the  gate  of  a 
field-effect  transistor  (FET)  (sense  transistor)  associated  with  each 
element.  The  result  is  either  of  two  voltage  levels  on  the  transistor 
gate  (gate  biases) .  These  levels  produce  in  the  transistor  drain-source 
channels  either  an  "on"  (high-conductivity  state)  or  an  "off"  (low- 
conductivity  state).  Once  the  direction  of  remanent  polarization  within 
an  element  is  switched  (reversed),  a  particular  polarity  steady  photo- 
emf  results,  and  the  transistor  is  in  one  of  its  two  possible  conduction 
states.  The  transistor  remains  in  that  state  until  the  direction  is 
switched  again.  Removing  the  illumination  at  any  point  results  in  a 
temporary  loss  of  the  controlling  photo-emf.  Restoring  the  illumination 
restores  the  original  emf  and  transistor  conduction  state.  Memory  is 
retained  in  a  completely  unpowered,  unilluminated  state. 

In  this  photovoltaic  ferroelectric-semiconductor  memory,  the  elec¬ 
trode  on  a  ferroelectric  element  can  be  connected  with  a  conductor  to 
the  gate  metalization  of  a  conventional  FET.  The  approach  is  distinct 

*See  Selected  Bibliography ,  Photovoltaic  Phenomenon. 

*See  Selected  Bibliography,  Storage  and  Retrieval . 
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from  that  in  which  ferroelectrics  inte  rtace  directly  with  semiconduc¬ 
tors1  with  conduction  in  the  semiconductor  modulated  by  a  depolarization 
field  from  the  ceramic.  This  is  the  so-called  ferroelectric  field  ef¬ 
fect.  Ferroelectric  field  effect  devices  require  no  illumination  to 
function.  However,  it  is  a  characteristic  of  such  devices  that  the  con¬ 
ductivity  change  in  the  semiconductor  decays  with  time,1  limiting  stor¬ 
age  times  to  durations  as  short  as  several  hours.  The  photovoltaic 
devices,  on  the  other  hand,  appear  to  be  truly  nonvolatile.  The  non¬ 
volatility  results  from  an  unchanging  (with  time)  relation  between  the 
remanent  polarization  and  photo-emf  and  the  fact  that,  except  for  a 
small  initial  aging,  the  remanent  polarization  in  ceramics  is  stable. 

Proposed  in  this  paper  are  memory  cell  structures  that  function  in 
matrix  arrangements  as  nonvolatile  read/write  RAM  or  electrically  alter¬ 
able  programmable  read  only  memory  (EAPROM)  devices.  Test  results  ob¬ 
tained  with  an  experimental  test  unit  are  described.  These  results 
demonstrate  how  the  memory  functions,  provide  experimentally  determined 
read/ write  times,  and  show  that  stored  information  is  retained.  The  in¬ 
tent  is  to  eventually  make  devices  that  are  integrated  onto  a  silicon 
substrate,  with  the  required  ferroelectric  elements  produced  by  proc¬ 
essing  compatible  with  silicon  technology.  For  this  reason,  included  in 
this  paper  is  a  survey  of  the  current  status  of  processes  for  producing 
ferroelectric  films.  Also  in  this  paper,  the  memory  characteristic  of  a 
presently  available  silicon  nonvolatile  memory  of  the  charge  storage 
type  is  compared  with  that  predicted  on  the  basis  of  the  experimental 
results  for  a  functionally  similar  photovoltaic  ferroelectric- 
semiconductor  device. 


2.  MEMORY  CELL 

The  ferroelectric  element  within  each  matrix  cell  is  a  two-terminal 
capacitive  structure  with  metal  electrodes.  In  the  test  device,  the 
elements  were  planar  structures  produced  by  depositing  thin  film  elec¬ 
trodes  onto  a  ceramic  substrate  (fig.  1).  A  voltage  pulse  applied  to 
the  electrodes  results  in  a  fringing  field  within  the  substrate;  the 
field  polarizes  the  region  between  the  electodes  in  either  of  two  direc¬ 
tions.  In  the  presence  of  illumination,  a  photo-emf  is  developed  across 
the  electrodes.  In  the  nomenclature  of  photoconductivity,  such  a  con¬ 
figuration  is  called  transverse.  In  a  longitudinal  structure,  the  rema¬ 
nent  polarization  is  perpendicular  to  the  surface  of  the  substrate  and 
the  photo-emf  is  developed  by  illumination  through  a  transparent  elec¬ 
trode.  In  principle,  such  a  structure  also  could  be  used. 

A  proposed  read/write  cell  is  shown  in  figure  2.  One  electrode  of 
the  ferroelectric  element,  F,  is  connected  directly  to  the  gate  of  an 
n-channel  enhancement  insulating  gate  field-effect  transistor  (IGFET), 

10.  C.  Burtoot  and  G.  W.  Taylor,  Polar  Dielectrics  and  Their  Applica¬ 
tions,  University  of  California  Press,  Los  Angeles  (1979),  351. 


which  is  the  sense  transistor,  Q-j.  Two  parallel  back-biased  diodes,  D1 
and  D 2,  connect  these  to  a  common  return.  To  write  into  a  cell,  a  posi¬ 
tive  or  negative  write  data  pulse  is  applied  to  the  input  at  transmis¬ 
sion  gate  Q2  (column  select)  coincident  with  a  write  select  signal  (row 
select)  to  the  control  inputs  of  the  transmission  gate.  The  diode  char¬ 
acteristics  result  in  a  high  impedance  for  the  small  photo-emf  shifted 
gate  biases,  which  have  values  of  several  volts  or  less,  but  a  low 
impedance  for  the  larger  amplitude  voltage  pulses  applied  with  the 
transmission  gate.  As  a  result  of  this  reduced  impedance,  voltages  in 
excess  of  the  coercive  field  appear  across  the  ferroelectric  elements 
and  switch  the  direction  of  the  remanent  polarization.  If  the  remanent 
polarization  is  initially  directed  away  from  the  gate  of  Q«,  a  negative 
write  pulse  switches  the  direction  toward  the  gate.  Since  the  memory 
element  is  illuminated,  a  spontaneous  photocurrent  flows,  and  a  positive 
voltage  (photo-emf)  appears  across  the  element.  The  direct  current  (dc) 
impedance  of  the  illuminated  ferroelectric  element  is  considerably  less 
than  the  gate  to  ground  impedance  so  that  the  element  photo-emf  causes 
the  gate  bias  initially  set  at  the  threshold  for  conduction,  Vg,  to 
increase  in  magnitude.  The  result  of  this  is  a  low-resistance  state 
drain-source  channel  in  transistor  Qj. 


Figure  1.  Planar  structure  ferro¬ 
electric  memory  element  as  used  in 
test  device:  (a)  view  from  top  and 
(b)  cross  section  showing  fringing 
field  and  illumir£¥f©n.^ 


under  these  conditions,  only  a  small  fraction  of  an  input  read  data 
pulse  (column  select)  applied  through  the  read  select  transistor,  Qj,  by 
a  read  select  pulse  (row  select)  appears  at  the  sense  output.  These 
low-level  signals  constitute  a  logic  0  output.  In  a  similar  fashion,  a 


Figure  2.  Proposed  read/ write 
RAM  cell:  diodes  D1  and  D2 
are  back  biased;  Vg  is  set  at 
gate  threshold  for  conduction. 


positive  pulse  writes  a  logic  1  by  switching  the  element  remanent  polar¬ 
ization  that  is  initially  directed  toward  the  gate  of  Q1  so  that  it  is 
directed  away  from  the  gate.  Illumination  produces  a  negative  photo- 
emf,  which  reduces  the  gate  bias  to  a  value  below  the  threshold  for 
conduction  in  the  drain-source  channel .  The  channel  is  then  in  a  high- 
resistance  state,  and  a  major  portion  of  a  read  data  pulse  applied 
through  Q- j  with  a  read  select  pulse  appears  at  the  sense  output.  This 
high-level  signal  constitutes  a  logic  1  output.  Thus,  a  positive  write 
data  signal  writes  and  states  a  logic  1;  a  negative  write  data  signal,  a 
logic  0. 

In  principle,  other  similar  configurations  could  accomplish  the 
functions  of  the  configuration  shown  in  figure  2.  For  example,  a 
p-channel  sense  transistor  could  be  used  with  a  positive  write  pulse 
producing  a  logic  0  read  output.  Another  possible  arrangement  would  use 
a  junction  field-effect  transistor  ( JFET )  rather  than  an  IGFET  for  the 
sense  transistor,  Q.,. 

Diodes  D1  and  D2  (fig.  1)  in  principle  can  be  replaced  by  a  single 
diffused  junction  or  single  breakdown  diode,  which  would  conduct  in  the 
breakdown  mode  for  one  of  the  write  polarities.  The  input  diode  of  the 
JFET  could  be  used  in  this  manner. 

The  RAM  cell  (fig.  2)  can  be  read  immediately  after  write.  A  charge 
is  generated  by  a  write  pulse  on  the  gate  of  Q1  by  voltage  division 
between  the  (parasitic)  element  capacitance  and  the  gate  capacitance. 
The  charge  is  equal  approximately  to  C  V0l  or  CgCB 2,  where  Cg  is  the 
gate  to  ground  capacitance  and  Vp ^  and  v02  are  the  diode  biases.  This 
charge  decays  through  the  diode  back  resistances  until  the  voltage  at 
gate  equals  the  photo-emf  shifted  bias  voltage.  The  gate  voltage  never 
decays  below  the  memory  bias  voltage,  provided  that  an  adequate  photo¬ 
current  flows.  The  effect  is  to  allow  a  logic  1  or  0  to  be  read  immedi¬ 
ately  after  write. 

This  read/write  cell  uses  a  transmission  gate  within  each  cell.  The 
device  can  function  as  an  EAPROM  device  with  block  programming  as  well 
as  a  read/write  RAM.  In  general,  an  EAPROM  device  would  not  require  the 
same  degree  of  cell  isolation  as  a  RAM.  A  proposed  arrangement  mini¬ 
mizes  the  number  of  transistors  in  a  matrix  cell  and  would  function  as 
an  EAPROM  device  (fig.  3).  Application  of  a  voltage  pulse  to  the  write 
data  line  while  simultaneously  grounding  the  read/write  select  results 
in  an  induced  remanent  polarization  in  an  "erased"  illuminated  ferro¬ 
electric  element,  F.  The  polarized  element  produces  a  photo-emf  that 
biases  the  gate  of  the  normally  on  FET  to  cut  off  and  then  results  in  a 
high-level  logic  1  output.  Row  select  for  read  is  accomplished  by 
grounding  the  read/write  select.  The  read  data  pulse  input  column  is 
the  selected  column. 


8 


Figure  3.  EAPROM  cell:  write 
data  are  applied  to  "erased" 
ferroelectric  element. 


3.  TEST  DEVICE  AND  EXPERIMENTAL  RESULTS 

The  test  device  shown  in  figure  4  is  used  to  determine  characteris¬ 
tics  that  can  be  expected  from  the  proposed  memory  cell  shown  in  figure 
2.  The  write  (switching)  pulses  in  the  test  device  are  obtained  from  an 
instrumentation  pulse  generator.  These  could  be  varied  in  magnitude, 
duration,  and  polarity.  The  semiconductor  components  are  two  low- 
reverse-current  diode  pairs  and  an  n-channel  enhancement  IGFET  (sense 
transistor) .  The  two  diodes  in  series  extend  the  experimental  voltage 
range  for  switching  pulses  by  increasing  the  minimum  voltage  for  break¬ 
down.  The  IGFET  is  an  individually  packaged  n-channel  enhancement 
device.  The  ferroelectric  element  (fig.  1)  consisted  of  metalizations 
10  pm  wide  and  1750  pm  long,  separated  by  a  13-pm  gap,  on  the  polished 
surface  of  a  ceramic  plate.  The  ceramic  is  a  polycrystalline  solid 
solution,  which  is  53  mole  percent  lead  zirconate  and  47  mole  percent 
lead  titanate,  with  a  1  weight  percent  additive  of  niobium  pentoxide. 
It  is  usually  designated  by  the  acronym  PZT-5A. 


niCTMwnn  wum 


Figure  4,  Circuit  for  test  device. 
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Photovoltages  were  generated  with  a  uniform  flux  of  broadband  ultra¬ 
violet  illumination  distributed  about  a  325-nm  peak.  The  illumination 
was  produced  with  a  mercury  arc  filtered  successively  by  a  water  filter 
and  a  CS-7-54  silica  glass  filter.  The  illumination  could  be  reduced  in 
intensity  over  a  considerable  range  by  the  interposing  of  fine  wire 
mesh,  which  served  as  neutral  density  filters.  The  read  outputs  were 
displayed  on  an  oscilloscope .  A  unity  gain  operational  amplifier  served 
as  a  sense  output  amplifier.  The  read  data  signals  were  200-ns,  10-V 

pulses . 

The  test  device  functions  in  essence  as  does  the  proposed  cell  shown 
in  figure  2.  A  positive  write  pulse  writes  a  logic  1,  which  is  read  out 
as  high-level  (200-ns)  output  pulses;  a  negative  write  pulse  writes  a 
logic  0,  which  is  read  out  as  low-level  (200-ns)  output  pulses.  The 
ferroelectric  element  photo-emf  was  monitored  with  an  in-situ  electrom¬ 
eter  amplifier  used  with  a  strip  chart  recorder.  The  experimental 
results  were  obtained  with  the  sense  transistor  gate  biased  at  its 
threshold — about  3.5  V.  Diode  biases  VB^  and  V02  were  respectively  -6 
and  +6  V. 

In  figure  5,  the  element  photo-emf  is  shown  as  a  function  of  the 
number  of  successive  11-ps,  140-V  pulses  of  a  particular  polarity 

applied  to  the  test  circuit.  The  photovoltages  were  measured  about  10 
min  after  the  application  of  a  pulse.  Each  pulse  altered  the  element 
remanent  polarization. 


Figure  5.  Photoelectromotive  forces  pro¬ 
duced  by  successive  11-ms,  140-V  pulses 
with  polarity  switched  after  4th,  8th, 
12th,  and  16th  pulses. 
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The  initial  state  was  saturation  state  produced  with  several  hundred 
positive  pulses.  This  saturation  resulted  in  a  photovoltage  of  -1  V.  A 
first  negative  pulse  switched  the  direction  of  remanent  polarization, 
resulting  in  a  photo-emf  across  the  element  of  0.38  V.  This  is  the 
point  indicated  by  the  numeral  1  in  figure  5.  Additional  successive 
negative  pulses  (pulses  indicated  by  2,  3,  and  4  in  fig.  5)  increased 
the  element  photo-emf  until  a  photo-emf  of  0.6  V  appeared  across  the 
illuminated  element.  A  fifth  pulse  of  reverse  polarity  (positive  pulse) 
then  switched  the  direction  of  the  remanent  polarization,  resulting  in 
a  negative  photo-emf  indicated  by  the  number  5  in  figure  5.  Additional 
positive  pulses  were  applied.  Each  time,  the  magnitude  of  the  negative 
photo-emf  increased.  After  the  seventh  (positive)  pulse,  the  pulse 
polarity  was  reversed  again,  resulting  in  a  positive  photo-emf,  the  same 
as  that  produced  by  the  first  pulse,  as  is  indicated  in  figure  5. 
Additional  negative  pulses  resulted  in  increased  photo-emf’ s  until  a 
13th  pulse  (of  positive  polarity)  again  reversed  the  remanent  polariza¬ 
tion  and  photo-emf;  additional  positive  pulses  were  produced  and  photo- 
emf's  were  measured  until  a  final  test  pulse,  pulse  16.  The  photo-emf 
resulting  from  pulse  16  was  the  same  as  that  resulting  from  pulse  8. 

The  results  of  the  two  cycles  coincided.  The  results  show  that  for 
the  11-us,  140-V  pulse,  a  single  switching  pulse  reverses  the  polarity 
of  the  photo-emf  irrespective  of  the  number  of  pulses  of  the  opposite 
polarity  that  preceded  it.  With  the  gate  bias  set  at  the  FET  threshold, 
a  combination  of  element  and  transistor  would  function  thus  in  effect 
(assuming  an  abrupt  turn  on  voltage)  in  a  saturation  mode. 


Shorter  pulses  change  the  photo-emf,  although  then  a  single  pulse 
cannot  quite  reverse  the  polarity  of  the  element  photo-emf.  The  results 
in  figure  6  are  for  150-ns,  140-V  pulses  and  the  same  ferroelectric 

element.  There  are  70  pulses  in  each  half  cycle.  The  implication  of 
these  results  is  that  short  pulses  could  be  used  to  program  a  block 


erasable  device  of  the  type  shown 
suitable  as  for  a  true  RAM. 


in  figure  3,  but  would  not  be  as 


Figure  6.  Photoelectromotive 
forces  produced  by  successive 
150-ns,  140-V  pulses. 
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The  element  photo-esnf  was  measured  as  a  function  of  illumination 
intensity  for  a  given  remanent  polarization  state  (fig.  7).  The  photo- 
emf  saturated  at  about  1  mW/cm2 .  Short-circuit  current  was  measured  as 
a  function  of  illuminated  intensity  by  measuring  the  voltage  developed 
across  a  shunting  resistor  (108  fl)  placed  across  the  ferroelectric 
element  (fig.  8). 


Figure  7.  Photoelectromotive  forces  as 
function  of  illumination  intensity. 


Figure  8.  Short-circuit  current  (zero  appplied 
field)  as  function  of  illumination  intensity. 


The  repeated  rapid  switching  of  a  ferroelectric  element  could  be 
sustained  without  detrimentally  affecting  the  memory  characteristic.  In 
an  experiment,  an  element  was  subjected  to  a  series  of  alternating 
polarity,  200-ns  pulses.  The  alternating  polarity  pulses  immediately 
following  each  other  formed  pulse  pairs,  with  a  500-kHz  repetition 
rate.  This  pulse  train  could  be  applied  for  hours  (1.8  x  109 
switchings/hr)  without  affecting  the  element's  memory  characteristics. 
The  element  photo-emf  after  terminating  a  pulse  train  depended  only  on 
the  polarity  of  the  final  pulse.  Thus,  no  fatigue  factor  was  observed 
after  many  storage  cycles.  The  current  required  for  switching  was 
measured  with  a  current  probe.  The  value  was  approximately  4  mA. 

Decay  of  the  element  photo-emf' s  (gate  bias  shifts)  with  time  is 
shown  in  figure  9.  The  write  pulses  were  600  ns  and  140  V.  The  decay 
of  the  photo-emf  is  initially  logarithmic  with  time.  The  photo-emf 
decreases  with  increasing  time  until  a  constant  value  is  reached.  This 
decay  characteristic  is  similar  to  that  of  the  electromechanical  cou¬ 
pling  coefficient ,2  which  is  (as  is  the  photo-emf)  proportional  to  the 
remanent  polarization.  Therefore,  the  decay  of  photo-emf  can  be  attrib¬ 
uted  to  the  aging  characteristic  of  the  magnitude  of  remanent  polariza¬ 
tion  in  a  ceramic . 
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Figure  9.  Time  history  of  element  photoelec¬ 
tromotive  forces:  at  100  hr,  photoelectro¬ 
motive  force  was  reversed  with  switching  pulse. 


The  read  output  levels  are  essentially  the  same  at  0.5  and  100  hr. 
The  read  outputs  are  shown  in  figure  10.  The  positive  bias  at  the  gate 
photo-emf  produced  a  logic  0;  the  negative  bias  at  the  gate  photo-emf 
produced  a  logic  1.  The  time  dependencies  were  obtained  under  condi¬ 
tions  of  intermittent  illumination.  Results  under  conditions  of  contin¬ 
uous  illumination  were  similar.  It  was  observed  also  that  the  absence 
or  the  presence  of  illumination  on  a  ferroelectric  element  during 
switching  did  not  affect  in  any  significant  way  the  pulse  voltages  or 
the  duration  needed  for  switching. 


^■8.  Jaffe,  W.  P.  Cook,  Jr.,  and  H.  Jaffe,  Piezoelectric  Ceramics , 
Academic  Press,  New  York  (1971),  83. 
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100  HR 


100  HR 


Figure  10.  Logic  1  and  logic  0 
at  0.5  and  100  hr:  scale  is 
2  ys  and  5  V  per  division. 


These  results  show  the  essential  feasibility  of  electronic  memory 
based  on  the  anomalous  photovoltaic  effect  in  the  ceramics.  The  volt¬ 
ages  required  to  write  can  be  reduced  by  reducing  the  planar  electrode 
spacing  to  increase  the  switching  field.  Photo-emf's  produced  with  a 
given  electrode  spacing  can  be  increased  by  using  finer  grain  ceram¬ 
ics.3  Also,  reduced  coercive  fields  for  switching  and  increased  photo- 
emf  are  found  in  PLZT  ceramics.  Material  of  7/65/35  PLZT  has  a  coercive 
field  of  about  14  kV/cm  as  compared  with  about  30  kV/cm  for  the  PZT-5A 
used  for  the  test  element.  The  saturation  photo-emf  per  unit  length  for 
7/65/35  PLZT  material  of  2-  to  4-ura  grain  size  is  somewhat  larger  than 
that  of  the  PZT-5A  producing  1500  V/cm  rather  than  600  V/cm  characteris¬ 
tic  of  the  PZT-5A  material  used. 


4.  FERROELECTRIC  CERAMIC  FILMS 

,n  the  test  ferroelectric  memory  element,  the  photocurrent  is  gener¬ 
ated  in  a  strongly  absorbing  region  within  several  micrometers  of  the 
surface  if,  as  in  the  test  of  section  3,  the  illumination  wavelength  is 
shorter  than  that  of  the  absorption  edge.  Consider  also  that  polariza¬ 
tion  reversal  is  by  way  of  the  fringing  field.  The  electrode  separation 
is  only  13  urn?  as  a  result,  the  depth  below  the  surface  within  which  the 
polarization  switches  is  only  several  micrometers.  The  active  region  of 
the  ferroelectric  is  thus  only  a  few  micrometers  thick.  Therefore,  it 
seems  reasonable  that  a  functional  memory  element  with  planar  electrodes 
as  in  the  test  device  could  be  fabricated  as  a  film  on  a  supporting 
substrate.  The  requirements  for  such  a  film  are  that  it  be  polycrystal¬ 
line,  insulating,  and  characterized  by  a  remanent  polarization  and  coer¬ 
cive  field  similar  to  that  of  bulk  material.  Such  a  film  could  be 
expected  to  produce  the  anomalous  photovoltages  characteristic  of  the 
bulk  ceramic  material. 

3 Philip  S.  Brody  and  Frank  Crovne,  J.  Electron.  Mater.,  4_  (1975), 
955. 
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Films  of  insulating  ferroelectric  ceramic  material  have  been  pro¬ 
duced  by  a  variety  of  methods  and  on  a  number  of  different  substrat: s . 
However,  there  have  been  no  investigations  of  photovoltaic  properties. 
Oikawa  and  Toda1*  fabricated  thick  (20-pm)  P3T  films  on  fused  quartz  and 
stainless  steel  substrates  by  electron  beam  evaporation.  The  deposition 
rates  were  high  (0.5  pm/min) .  Low-frequency  Sawyer-Tower  loops  showed  a 
saturation  remanent  polarization  of  4. 2  pC/cm2 .  This  value  should  be 
compared  with  the  remanent  polarization  of  the  bulk  ceramic  starting 
material,  »'..ich  was  30  pC/cm2.  The  film  material  showed  a  strong 
dielectric  anomaly  at  the  Curie  temperature.  The  coercive  field  from 
the  Sawyer-Tower  measurements  was  5.5  kV/cm2 .  The  ferroelectric 
properties  developed  only  after  annealing  at  650 ®C  for  several  hours. 

Schufer  et  al5  prepared  thin  films  of  barium  titanate  by  radio 
frequency  (rf)  sputtering  on  ceramic  super strates  partially  coated  with 
platinum.  Films  4  pm  thick  with  grain  size  of  0.2  to  0.4  pm  were  pro¬ 
duced.  The  films  were  annealed  at  900®C  for  severed  hours.  Sawyer- 
Tower  circuit  measurements  of  remanent  polarization  yielded  3  to  6 
pC/cm2;  6  pC/cm2  is  a  low  typical  value  for  the  bulk  ceramic  material. 
The  coercive  field  (Ec)  was  about  20  kV/cm2. 

Xshida  et  al6  succeeded  in  rf  sputtering  ferroelectric  PLZT  films 
onto  tin  oxide  coated  quartz  substrates.  The  remanent  polarization 
measured  by  the  Sawyer-Tower  hysteresis  loop  method  was  4.2  pC/cm2  with 
Ec  about  20  kV/cm.  These  quantities  are!  not  well  defined  because  of  the 
softness  of  the  observed  loop.  The  films  were  1  pm  thick  with  a  grain 
size  of  0.2  pm. 

Films  of  less  than  0.1  pm  were  sputtered  into  silicon  substrate  by 
Park  and  Granneman.7  The  relatively  low  dielectric  constants  of  these 
films  (approximately  30)  suggest  that  they  may  not  be  ferroelectric. 
The  barium  titanate-silicon  system  has  been  further  characterized  by 
Panitz  and  Hu.® 

Polycrystalline  ferroelectric  PZT-5A  films  with  remanent  polariza¬ 
tion  of.  about  4  pC/cm2  were  produced  by  Constelleno  and  Feinstein,  who 
used  a  sputtering  technique  in  which  a  collimated  ion  beam,  rather  than 
glow  discharge  ions,  effected  the  deposition  of  PZT-5A  target  material 

'♦Maseru  Oikawa  and  Kohji  Toda,  Appl .  Phys.  Lett.,  29_  (1976),  491. 

5*.  Schufer,  H.  Schmitt,  K.  R.  Ehses,  and  G .  Kleer,  Ferroelectrics, 
22  (1978),  779. 

6 Medcoto  Xshida,  Hiroyuki  Matsunami,  and  Tetsuro  Tamaka,  Appl .  Phys. 
Lett.,  3L  f!977;,  433. 

7J.  K.  Park  and  W.  Grannemann,  Ferroelectrics,  _1£  (1976),  217. 

®Junda  K.  G.  Panitz  and  Cheng-Cheng  Hu,  Ferroelectrics,  27_  (1980), 
161 . 


onto  a  substrate.9  The  deposited  material  was  annealed  at  about  800#C 
for  several  hours  to  produce  active  films  with  macroscopic  (0.5-um) 
grains. 

Ferroelectric  barium  titanate  thick  films  have  been  produced  by 
annealing  layers  of  deposited  powder.  Deposition  has  been  by  screen 
printing  and  electrophoresis.^9  ^ 9  As  with  other  methods  of  deposition, 
annealing  is  required^9  to  produce  polycrystalline  (micrometer  or  sub¬ 
micrometer  grain  size)  layers  from  the  deposited  materials. 

These  efforts  represent  the  various  techniques  that  have  been  used 
to  obtain  thin  and  thick  polycrystalline  films  of  barium  titanate,  PZT, 
and  PLZT  materials.  Other  ferroelectric  materials  have  been  prepared  in 
film  form.  One  example  is  bismuth  titanate  prepared  in  semicrystalline 
form  on  a  silicon  substrate  by  Wu.^'4 


5.  COMPARISON  WITH  EAPROM  DEVICE 

The  potential  (speed  and  permanence)  of  photovoltaic  ferroelectric- 
semiconductor  devices  can  be  seen  by  comparing  the  predicted  character¬ 
istics  of  a  photovoltaic  ferroelectric  programmable  device  (fig.  3)  with 
a  commercially  available  word  alterable  EAPROM  device  of  the  charge 
storage  type.  One  such  typical  device  is  organized  in  1024  four-bit 
words.  A  special  erase  operation  erases  one  or  all  words  simultaneously 
in  10  ms.  Writing  then  requires  1  ms/word.  Block  programming  a  unit 
therefore  requires  a  time  interval  in  excess  of  1  s.  Subsequently 
erasing  and  reprogramming  a  single  word  requires  11  ms. 

The  photovoltaic  ferroelectric-semiconductor  EAPROM  device  (fig.  3) 
would  require  a  block  erase  time  of  about  10  jjs.  Block  programming 
could  be  accomplished  in  as  little  as  100  ns/cell.  In  a  unit  organized 
similarly  to  the  ER3400,  the  block  programming  would  require  about  100 
Us  rather  than  1  s.  Erasing  and  reprogramming  a  single  word  would  take 
10  us  rather  than  10  ms. 

Retentivity  (unpowered)  of  the  ER3400  is  limited  to  10  yr  at  room 
temperature.  Typically,  slight  elevation  in  storage  temperature  reduces 

W. wT  Castelleno  and  L.  G.  Feinstein,  J.  Appl .  Phys.,  50_  (1979), 
4406. 

^Vernon  Lamb  and  Harry  I.  Salmon,  Ceramic  Bull.,  41  (1962),  781. 

Hj.  Dec  and  Z.  Surowiak,  Phys.  Papers,  Silesian  University ,  Katowice, 
6_  (1978),  74. 

l2Z.  Surowiak,  Acta  Phys .  Pol.,  43_  (1980),  543. 

l3tf.  Loposzko  and  Z.  Surowiak,  Thin  Solid  Films,  67_  (1980),  253. 

l4S.  Y.  ffu,  IEEE  Trans.  Electron.  Dev.,  ED-2 1  (1974),  499. 
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markedly  the  unpowered  storage  time.  The  ferroelectric  device  is  ex¬ 
pected  tfo  store  information  for  an  indefinitely  long  time  even  at  eleva¬ 
ted  temperatures. 


The  information  content  of  the  commercial  charge  storage  ER3400  can 
be  expected  to  be  removed  by  a  burst  of  penetrating  ionizing  radia¬ 
tion.  This  is  not  expected  for  the  ferroelectric  devices  in  vrtiich  the 
information  is  stored  in  remanent  polarization.  This  storage  mechanism 
is  insensitive  to  radiation.1 

The  data  sheet  of  the  ER3400  gives  a  maximum  of  100,000  for 
erase/ write  cycles.  The  test  da'-*  for  the  ferroelectric  test  cell,  on 
the  other  hand,  show  proper  operation  after  1.8  x  109  write/rewrite 
cycles. 

Most  importantly,  no  interaction  appears  between  read  cycles  and 
stored  information  in  the  ferroelectric  device.  Once  programmed,  a  cell 
can  be  accessed  at  any  rate  consistent  with  the  200-ns  read  time  used 
for  the  test  device  and  for  any  length  of  time  without  removing  the 
programmed  information.  There  is  no  read  limitation.  The  ER3400  has  a 
read  limitation  of  about  2  x  id11  read  cycles. 


lD.  C.  Burtoot  and  G.  W.  Taylor,  Polar  Dielectrics  and  Their  Applica¬ 
tions,  University  of  California  Press,  Dos  Angeles  (1979),  299. 
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271-T  BLDG  200W 
ATTN  W.  F.  NICAISE ,  SEN  ENG 
RICHLAND,  WA  99352 

ROCKWELL  I  NT 
3370  MIRALOMA  FB  47 
ATTN  J.  R.  TEIG,  MTS 
ATTN  T.  RAAB,  MTS 
ANAHEIM,  CA  92803 

ROCKWELL  IlYTL  COLLINS 
TELECOMM  PRD  MS 137  148 
ATTN  I.  E.  HARDT,  GRP  HO 
CEDAR  RAPIDS,  IA  52406 

ROXBORO  CO 

38  ME PON SET  AVE 

ATTN  R.  J.  WHITE,  SR  RES  ENG 

FOXBORO,  MA  02035 

SANDERS  ASSOC  INC 
95  CANAL  ST 

ATTN  D.  B.  SCHLICUTING,  SR  ENGR 
ATTN  W.  R.  HUTCHINS,  MGR 
NASHUA,  Nil  03061 

SOI  CORP 
OLD  NEWTOWN  RD 
ATTN  H.  MOROFF,  ENGR 
DANBURY,  CT  06810 


SCID 
DRAWER  K 

ATTN  R.  E.  SfTORCK,  C  DENG 
DALLAS,  PA  18612 

SCIENTIFIC  RADIO  SYS 
367  ORCHARD  STREET 
ATTN  I.  A.  PAULL,  EE 
ROCHESTER,  NY  14606 

SERVO  CORP  OF  AMERICA 
111  NEW  SOUTH  RD 
ATTN  J.  MORHOUS,  SR  ENGR 
HICKSVILLE,  NY  11802 

SHILLER  MGMT  CORP 
100  W  57  STREET 
ATTN  R.  SHILLER,  PRES 
NEW  YORK,  NY  10019 

SHI WERS  ENTERPRISES 
614  W  ENGLISH 
ATTN  L.  J.  KLEIN 
CORYDON,  IA  50060 

SI LON ICS 

525  OAKMEAD  PKWY 

ATTN  R*  G.  STEVENSON,  SR  ENGR 

SUNNYVALE,  CA  94086 

SINGER  COMPANY 
286  ELDRIDGE  ROAD 
ATTN  L.  HOREY,  ENGR 
FAIRFIELD,  NJ  07006 

SINGER  KEARFOTT  DIV 
150  TOTOWA  RD  MS10A1B 
ATTN  P.  J.  GRIFFO,  ENG 
WAYNE,  NJ  07470 

SINGER-LINK 
OEPT  461 

ATTN  F.  C,  RUF,  ENG 
BINGHAMTON,  NY  13902 

SLAC 

PO  BOX  4349 
ATTN  D.  QTJIMETTE 
STANFORD,  CA  94305 

C.  L.  SMITH,  AIC 

603  TCS 

PSC  BOX  2005 

SEMBACHAB  APO,  NY  09130 

SPACE  SCIENCE  LAB 
SPACE  SCIENCE  RD 
ATTN  R.  HERMAN,  DSNR 
BERKELEY,  CA  94720 

SPERRY  FLIGHT  SYS 
21111  N  19TH  AVE 
ATTN  F  ELLIS,  PROJ  ENGR 
ATTN  R.  NAU/TTE,  PR  ENGR 
ATTN  M.  LEWIS,  ENG  109B 
PHOENIX,  A Z  85027 

SPERRY  MARINE  SYSTEMS 
RT  29  NORTH 
ATTN  L.  F.  JONES,  ENG 
CHARLOTTESVILLE,  VA  22901 


SPERRY  SECOR 
2724  DORR  AVE 
ATTN  R»  M.  »ITH,  ENG 
FAIRFAX,  VA  22031 

SPERRY  UNICORN 
52-21  65  PL 
ATTN  W.  BURSTEIN,  ENGR 
MASPETT,  NY  11378 

SPERRY  UN I VAC  MCO 

2722  MICKELSON 

ATTN  R.  L.  MIFFLIN,  DBS  ENG 

IRVINE,  CA  92713 

SPERRY  MICROWAVE 
BOX  4648 

ATTN  R.  THURMOND,  EN  S  HD 
CLEARWATER,  FL  33518 

STANDARD  RES  INS 
333  RAVENSWOOD 
ATTN  W.  PARK  RES  ENGR 
ATTN  Y.  H.  TSUO,  410A 
MENLO  PARK,  CA  9402 

SUNDSTRAND  DATA  CONTROL 
OVERLAKE  INDUSTRIAL  PK 
ATTN  D.  F.  NEIMAN,  ENG 
REDMOND,  WA  98052 

SOUTHERN  BELL  TEL 
42 1W  CHURCH  ST 
ATTN  P.  BIORN,  SUPV 
JACKSONVILLE,  FL  32202 

SYNDRILL  PRODUCTS 
1375  EUCLID  AVE  #414 
ATTN  W.  SANLEY,  VP 
CLEVELAND,  OH  44115 

SYSTRON  DONNER  CORP 
935  DETROIT  AVE 
ATTN  C.  BRIGHT,  Rfi-D  MGR 
CONCORD,  CA  94518 

TAB  LINE  CO 
PO  BOX  1135 

Attn  s,  wolff,  eng 

BERKELEY,  CA  94701 

TALLEY  INDUSTRIES 
78  FAIRMOUNT  AVENUE 
ATTN  W.  GHEERARD,  DES  ENG 
BRIDGEPORT,  CT  06606 

G*  W,  TAYLOR 
305  DODDS  LANE 
PRINCETON,  NJ  08540 

TECH  SERVICE  CORP 
2811  WILSHIRE  BLVD 
ATTN  R.  RITCHEY,  MTS 
SANTA  MONICA,  CA  90403 

TEKTRONIX 
P  O  BOX  500 

ATTN  R.  L.  COR  DRAY  ENGR 
ATTN  N.  G.  CHURCH,  ENGR 
ATTN  R.  ANDERSON,  ENGR 
ATTN  B.  COOPPENDER,  ENG  MGR 
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TEKTRONIX  (Oont'd) 

ATTN  J.  G.  LARSEN,  DES  ENGR 
ATTN  L.  J.  DOUBRAVA,  DES  ENG 
BEAVERTON,  OR  97077 

TELE DYNE  SYSTEMS  CO 
23448  DOLOROSA  ST 
ATTN  I.  COHEN 
WOODLAND  HILL,  CA  91367 

TELETYPE  CORP 

5555  W  TOUHY 

ATTN  E.  C.  KDEPPE,  ENG 

SKOKIE,  IL  60077 

TEKNEKRON  ARD 
2121  ALLSTON  WAY 
ATTN  K.  W.  NEFF,  ENG 
BERKELEY,  CA  94704 

TELSTAR  ELECTRONICS  CORP 
700  HUMMEL  AVENUE 
ATTN  R.  S.  MARSTON 
SOITTHOLD,  NY  11971 

TBLTONE  CORP 

10801  120TH  AVE  NE 

ATTN  R.  A.  STARK,  COMP  ENGR 

KIRKLAND,  WA  98033 

T  ERA  DYNE 
183  ESSEX  ST 

ATTN  T.  BORROZ,  PROJ  ENG 
BOSTON,  MA  02111 

TERADYNE  CENTRAL  INC 
3368  COMMERCIAL  AVE 
ATTN  J.  H.  PAPIER 
NORTHBROOK,  IL  60062 

TEXAS  INSTRUMENTS 
34  FOREST  MS  124 
ATTN  W.  E.  MESHACH,  ENG 
ATTLEBORO,  MA  02703 

TEXAS  INSTRUMENTS 
PO  BOX  1444 
ATTN  W.  C.  HUBBELL 
ATTN  B.  ASHMORE,  DSGNER 
ATTN  S.  C.  TSAUR,  SE  ENGR 
HOUSTON,  TX  77001 

TEXAS  INSTRUMENTS 
PO  BOX  225012  MS  35 
ATTN  M.  COFFEY,  ENGR 
DALLAS,  TX  75265 

TEXAS  INSTRUMENTS 
W  2  BOX  349  C16  ENG 
ATTN  T.  HARRIS 
LUBBOCK,  TX  79415 

TEXAS  INSTRUMENTS  INC 
PO  BOX  322013 

ATTN  P.  S.  DUFF,  SYS  ANALYST 
DALLAS,  TX  75222 

TEXAS  INSTRUMENTS  INC 
PO  BOX  226080 
ATTN  D.  PINKOS,  DCS  ENG 
DALLAS,  TX  75266 


TGfiG  ELECTRONICS 
6154  COTTLE  RD  D7 
ATTN  R.  M.  PIER,  ENG 
SAN  JOSE,  CA  95123 

THIOKOL  CORP 
P  O  BOX  9175 

ATTN  A.  B.  STUCK! ,  SRR  ENGR 
OGDEN,  UT  84409 

TIMKEN  COMPANY 
1835  DUEBER  AVE  SW 
ATTN  T.  W.  KLEIN,  PE 
CANTON,  OH  44706 

TOKHEIM  CORP 
1600  WABASH  AVE 
ATTN  J.  DYBEN,  ENG 
FT  WAYNE,  IN  46801 

THE  TOPPING  CORPORATION 
37  TOPPING  LANE 
ATTN  R.  E.  WENDT,  JR  PRES 
DES  PEARES,  MO  63131 

TPS  ELECTRONICS 
PO  BOX  23210 

ATTN  D.  W.  MICHAEL,  PRES 
HONOLULU,  HI  96822 

TRADITIONAL  MANAGEMENT 
P  O  BOX  972 

ATTN  M.  FRIEDMAN,  DP  MGR 
P  O  BOX  972 
HANOVER,  m  03755 

TRAN  TELECOMMUNICATIONS 
20833  HORACE  STREET 
ATTN  G.  R.  TOUSSAINT,  MGR 
CHATSWORTH,  CA  91311 

TRI-DATA 

505  E  MIDDLEFIELD  RD 
ATTN  D.  SCOTT,  ST  ENGR 
MT  VIEW,  CA  94043 

TRIPLE  R  ASSOC 

10  TRACY  DR 

ATTN  R.  CRITELLI  ENGR 

FORDS,  NJ  08863 

TRW  DSSG  Ml  1338 
ONE  SPACE  PARK 

ATTN  T.  G.  WALTER,  DSSG  Ml  1338 
ATTN  R.  BOTNEY,  MTS,  R6-1144 
REDONDO  BEACH,  CA  90278 

ULTRASOUND  LABS 
1100  W  MICHIGAN  A  32 
ATTN  K,  JOHNSTON,  PROJ  ENG 
INDIANAPOLIS,  IN  46223 

US  DYNAMICS  CORP 
425  BAYVIEW  AVE 
ATTN  R.  KATZ,  OIR 
AMTTYV1LLB,  NY  1170 

UTOPIA  VIDEO 

PO  BOX  171 

ATTN  R.  BERGER,  ENG 

BEARSVILUS,  NY  12409 


VA  MEDICAL  CENTER 
CODE  1 16B 
ATTN  R.  G.  THOMAS 
GAINESVILLE,  FL  32602 

VARIAN 

PO  BOX  2883 

ATTN  J.  H.  SANDOW 

RICHARDSON,  TX  75080 

VARIAN  ASSOCIATES 
2700  MITCHELL  DRIVE 
ATTN  W.  A.  LEWIS,  EE 
WALNUT  CRJC,  CA  94598 

VERNITRON  CORP 
ATTN  B.  JAFFE 
BEDFORD,  OH  44146 

VOUGHT  CORP 
BOX  225907 

ATTN  G.  D.  BURROWS,  DESIGN 
DALLAS,  TX  75265 

VP I  &  SU 

204  WASHINGTON  ST 
ATTN  S*  C*  AHALT 
BLACKSBURG,  VA  24060 

WANG  LABS 

ONE  INDUSTRIAL  AVENUE 
ATTN  EDWARD  LESHIDE 
LOWELL,  MA  01851 

WATKINS  JOHNSON 

3333  HILLV1EW 

ATTN  G.  H.  FLAMMER,  MTS 

PALO  ALTO,  CA  94304 

WCS  CO 

PO  BOX  248 

ATTN  J.  BRADY,  VP 

NEWBURY  PARK,  CA  91320 

WELCH  ALLYN  INC 
99  JORDAN  ROAD 
ATTN  C.  M.  HAMMOND 
SKA NE ATE  US,  NY  13153 

WESTFIELD  ASSOCIATES 
789  CROSS  CREEK  DR 
ATTN  H.  M.  ROSS 
ST  LOUIS,  MO  43141 

WESTERN  ELECTRIC 
PO  BOX  25000 

ATTN  A.  K.  LAGARDE,  ADDT  MGR 
GREENSBORO,  NC  27426 

WESTINGHOUSE  ELECTRIC 
200  BETA  DRIVE 
M.  ASCENZI,  ENGR 
PITSBURGH,  PA  15238 

WESTINGHOUSE  RESEARCH  LABORATORIES 
ATTN  JIM  S.  Y  WU 
PITTSBURGH,  PA  15235 

WILGOOD  CORP 
PO  BOX  1247 

ATTN  M.  F.  FELLER,  RES  ENG 
DUNNKLLON,  FL  32630 
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XEROX 

701  S  AVIATION  BLVD  A2 
ATTN  K.  NORMAN 
BL  SEGUNDO,  CA  90245 

XEROX 

49  YELLOWSTONE  DR 
ATTN  M.  PE  PE,  ELEC  ENG 
W.  HENRIETTA,  NY  14586 

XEROX  MEMORY  SYSTEMS 
3333  BOWERS  AVENUE 
ATTN  P.  M.  BURTON 
SANTA  CLARA,  CA  95051 

XEROX  RSCH  CENTER 
3333  COYOTE  HILL  RD 
ATTN  G.  O.  THOMPSON 
PALO  ALTO,  CA  94304 

XEROX  CORPORATION 
WEBSTER  RESEARCH  CENTER 
ATTN  R.  L.  HOI/IAN 
WEBSTER,  NY  14580 

XICOR 

1221  INNSBRUCK  DRIVE 
ATTN  P.  KLEIN,  PRES 
SUNNYVALE,  CA  94086 

CATHOLIC  UNIVERSITY  OF  AMERICA 
CARDINAL  STATION 
PO  BOX  232 
ATTN  C.  P.  PULRARI 
WASHINGTON,  DC  20017 

UNIVERSITY  OP  CALIFORNIA 
SCHOOL  OP  ENGINEERING 
LOS  ANGELES,  CA  90024 

UN IV  OF  CALIF 

130  PHYSICAL  SCI 

ATTN  J.  HENIGMAN,  DEV  EGR 

IRVINE,  CA  92717 

E  LOS  ANGELES  COLLEGE 
1301  E  BROOKLYN  AVE 
ATTN  B.  8.  MITCHEL 
MONTEREY  *»K,  CA  91754 

GEORGIA  INSrTIUTE  OP  TECHNILOGY 
SCOOL  OP  EUICTRICAL  ENGINEERING 
ATTN  K.  GAYLORD 
ATTN  M.  G.  MOHARAM 
ATLANTA,  GA  30332 


UN IV  OF  ILL 
239  C  S  L 

ATTN  B.  KIRKWOOD,  SR  ENGR 

ATTN  G.  D.  HADDEN,  COORDINATED  SCI 

LAB 

URBANA,  IL  61801 

UNIVERSITY  OF  MISSOURI 
307  SOUTH  OLIVE  ST 

ATTN  L.  M.  S  TRUTH  ANN,  EE 

ROLLA,  MO  65401 

UNI V  OF  NEW  MEXICO 
ATTN  W.  W.  GRANNEMAN 
ALBUQUERQUE,  NM  87131 

THE  PENNSYLVANIA  STATE  UNIVERSITY 
MATERIALS  RESEARCH  LABORATORY 
ATTN  L.  E.  CROSS 
ATTN  R.  E.  NEWNHAM 
UNIVERSITY  PARK,  PA  16802 

RUTGERS  UNIVERSITY 
COLLEGE  OF  ENGINEERING 
DEPARTMENT  OF  CERAMICS 
NEW  BRUNSWICK,  NJ  08903 

AES  DATA  LTD 

2330  MILLRACE  COURT 

ATTN  B.  DI  STEFANO,  HARD  ENG 

MISSISSAUGA  CTT  L5N1W2  CANADA 

ALLEN  CLARK  RESEARCH  CENTER 
ATTN  F.  W.  AINGE 
PLESSEY  LTD,  CASWELL,  NORTHANTS 
UNITED  KINGDOM 

UNIVERSITY  OF  OXFORD 
DEPARTMENT  OF  INORGANIC  CHEMISTRY 
ATTN  R.  N.  CASTELLANO 
OXFORD  ENGLAND 

DIFFRACTO  LTD 
2775  KEW 

ATTN  G.  HENS HAW,  DCSN 

WINDSON,  ON 

CANADA 

INDIAN  INSTITUTE  OP  TECHNOLOGY 
ATTN  E.  C.  SUBBARO 
KANPUR,  INDIA 

SEL  RESEARCH  CENTRE 
ATTN  H.  SCHICHL 
STUTTGART  GERMANY 


THOMSON  CSP  LABORATORIES 
ATTN  P.  MICHERON 
CENTRAL  DE  REC TORCHES 
ORSAY,  FRANCE 

W ASHE DA  UNIVERSITY 
ATTN  J.  KOBAYASHI 
TOKYO,  JAPAN 
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